Widely implicated in human disease, abnormal cellular cysts reflect dramatic defects in the maintenance of epithelial integrity. A new study reports that epithelial cysts may arise as a surprisingly general consequence of clonal defects in the specification of cell identity.
Polarized epithelial cell layers cover the surfaces of animal bodies and organ structures, functioning as physical barriers that separate internal and external environments. After epithelia establish a rigid and robust collective architecture, individual cells may be subject to external insults or internal defects, such as physical wounding, defective cell division, or spontaneous mutation. To avoid the potentially deleterious implications for morphogenesis and physiology, epithelia feature tissue-level mechanisms that remove abnormal cells while maintaining continuous structural integrity [1] . During cell competition, for example, fitter cells eliminate their slower-dividing neighbors through non-autonomous induction of apoptotic death [2, 3] . Live cell extrusion is a distinct process by which cells in overcrowded tissues are squeezed out of the epithelial sheet [4, 5] . Lastly, mitotic defects such as chromosome instability, mitotic spindle misorientation, and abnormal centrosome numbers can result in the basal delamination of abnormal cells [6] [7] [8] [9] . A common theme among these cases is that aberrant cells are physically eliminated through a cellular mechanism that simultaneously ensures continuous epithelial integrity.
Much less is known about how epithelial layers might systematically respond to insults of a different nature: errors in the specification of cell identity. Interestingly, past reports using mutant cell clones to disrupt cell specification frequently note the occurrence of rounded clone shapes, epithelial cysts, and other defects in tissue architecture. In Drosophila imaginal discs, for example, delaminated cyst-like structures arise from mutant cell clones that are homozygous for mutations in BMP or Wnt signaling components, which are crucial for the specification of cell identity [10] [11] [12] [13] . In vertebrates, abnormal epithelial cysts or polyps manifest in mouse models of colon cancer following dysregulation of BMP or Wnt signaling [14, 15] . Although these morphological similarities raise an intriguing connection between aberrant cell identity, epithelial cysts, and tumorigenesis, whether the observed cyst-like structures reflect a phenotype specific to the manipulation of individual genes or perhaps a more general response to defects in the specification of cell identity has remained unresolved. Opening up an exciting new area of investigation that bridges the fields of developmental patterning and epithelial architecture, a study in this issue of Current Biology from Bielmeier et al. [16] establishes cell elimination and cyst formation as general consequences of cell fate defects and demonstrates a novel cellular mechanism that could drive these processes during both development and disease.
To investigate the fundamental cellular properties of cyst morphogenesis, Bielmeier et al. extended prior observations of cyst formation in Drosophila imaginal discs harboring mutant clones of Posterior sex combs (Psc) and Suppressor of zeste 2 (Su(z)2), two redundant tumor suppressors encoding Drosophila Polycomb group proteins [16, 17] . Careful mosaic analyses of Psc/Su(z)2 clones revealed a sequence of events starting with cell retraction from the apical surface, formation of cyst-like structures (invagination), and separation of cysts from the rest of the tissue (abscission) [10, 11, 16] ( Figure 1A ). Because Polycomb proteins epigenetically silence factors that control cellular identity, altered cell fates could induce cyst formation. Indeed, ectopic expression of transcription factors that are normally repressed by Psc/Su(z)2 was sufficient to drive cyst formation. Moreover, cyst morphogenesis appears to be a common consequence of clonally altering cell fates. As with disruption of BMP and Wnt, altered Hedgehog or JAK/STAT signaling also resulted in the generation of cysts. Combined, these results indicate that abnormal cyst formation is a general response to cell fate mis-specification.
What is a conceivable general mechanism underlying a similar process of cyst formation in mis-specified cell clones of multiple distinct genotypes? Arguing against the more intuitive possibility of autonomous cell shape defects [18] , Bielmeier et al. [16] discovered that wild-type cells also form cysts when surrounded by mis-specified cells. These results demonstrate that cyst formation is a clone-non-autonomous process driven by the apposition of cells with different fates. Accordingly, the authors turned their focus to understanding events at the boundary between wild-type and mis-specified cells. Here, they found an enrichment of filamentous actin at the clone-non-clone interface, both at the level of adherens junctions and throughout the basolateral domain. Further, myosin, moesin, and their phospho-activated forms also accumulated specifically at the interface between wild-type and mis-specified cells. Consistent with a postulated local increase in actomyosin contractility, misspecified cell clones exhibited striking shape changes, including basement membrane deformation and minimization of lateral contacts. Although the functional significance of the localized actomyosin machinery has yet to be tested, these observations implicate interface contractility as a likely mechanical force that drives cyst formation.
To address whether interface contractility is sufficient to induce cysts, Bielmeier et al. [16] next performed computer simulations using a new 3D vertex model. The authors analyzed the epithelial deformation under different conditions, taking into account cell volumes as well as apical and basal surfaces. By increasing the apical line tension and lateral surface tension, clones of simulated mis-specified cells recapitulated the process of cyst morphogenesis. When tension was increased in all mis-specified cells (referred to as bulk contractility), in silico cyst formation was still observed. However, inverse clusters of wildtype cells did not form cysts when bulk contractility was modeled in surrounding mis-specified cells. Critically, experiments confirmed the results of these simulations. Induction of bulk contractility by expression of an activated form of the Rho GTPase caused cyst formation, which was not observed in wild-type cells surrounded by actively contracting cells. Together, the combined in silico and in vivo results suggest that cyst formation is triggered by interface contractility at the boundary between cell populations with different fates.
Based on their simulations, Bielmeier et al. [16] clone size and shape by quantifying shape parameters, such as clone widths and clone deformations, and they confirmed that maximal cell shape changes were correlated with intermediate size clones (composed of approximately 70 cells). The 3D vertex model simulations also provided insight into the physical forces that could explain experimental measurements. By determining the minimum requirements for interface contractility, the authors concluded that a threefold increase in both apical line and lateral surface tensions would account for the experimental results, supporting their observations of interfacial actomyosin enrichment at both adherens junctions and lateral cell-cell contacts.
Interestingly, small clones of misspecified cells did not form cysts but instead exhibited a wedge-like morphology [16] that has also been observed during apical constriction [19] and apoptotic cell extrusion [5] ( Figure 1B ). To determine whether small mis-specified cell clones were ultimately eliminated from the epithelium, Bielmeier et al. [16] quantified the frequency of clones of different sizes and inferred that clones with fewer than six cells were subject to elimination. Furthermore, cells in small clones underwent apoptosis more frequently than those in larger clones. Inhibition of apoptosis by DIAP1 rescued the clones consisting of two to six cells, but it did not prevent the loss of single cell clones. This result suggests that single misspecified cells can sense strong apoptotic stimuli, correlating with interface contractility. Importantly, small clones of wild-type cells surrounded by mis-specified cells were also eliminated by apoptosis, suggesting that interface contractility, not cell-autonomous effects, triggers the extrusion and death of small cell clusters.
By fusing experimental and theoretical approaches, this study illuminates an intriguing new aspect of epithelial homeostasis. The experiments on clone size also highlight the potential nature of interface contractility as a double-edged sword that efficiently eliminates aberrant single cells but also drives abnormal cyst formation in larger cell clones (Figure 1) [16] . These results have interesting developmental and biomedical implications, particularly under circumstances in which cells acquire mutations that suppress apoptosis. In one case consistent with this idea, oncogenic Ras expression in the wing disc induces cyst formation [16, 20] , probably because Ras signaling simultaneously alters cell fate and suppresses apoptosis, conferring a better chance of cystic growth. Given that clones homozygous for tumor suppressor mutants or overexpressing oncogenes induce cyst formation, abnormal epithelial cysts could be a general structural hallmark of early stage tumorigenesis. Looking ahead, future studies should focus on the molecular mechanism by which epithelial cells are able to detect sharp discontinuities in cell identity and transmit this information to the relevant cytoskeletal effectors. It will also be critical to gain more detailed mechanistic insights into the generation of interface contractility through cytoskeletal dynamics. On the whole this report lays a solid foundation for investigating new mechanisms of epithelial homeostasis and cyst formation in vivo, with strong implications for our understanding of development, morphogenesis, and disease.
